Sand crabs (Lepidopa benedicti) are highly specialized digging animals that spend the vast majority of their adult life submerged in fine sand. The carapace color of L. benedicti varies from gray to white. Given that the environment in which they live is uniform and dark, most of the functional scenarios to explain color variation seem unlikely to apply. Carapace color has a bimodal distribution, indicating that it is better characterized as a polymorphism than simply as normal variation. Gray crabs are larger and more common than white ones. Crabs mostly swim ventral-side up, which suggests that countershading does not explain the apparent advantage of having a gray carapace.
INTRODUCTION
Sand crabs (Hippoidea) are decapods that are highly specialized for digging into sand (Boyko, 2002; Paul, 1997a, b, 1998) . While collecting sand crabs, Lepidopa benedicti Schmitt, 1935 for other research projects, we noticed that the carapace of sand crabs varied from white to a rather dark, battleship gray ( Fig. 1) . Species in the genus Lepidopa are ''generally iridescent white or chalky white'' (Efford, 1971) . Descriptions of the color of particular species of Lepidopa are rare, but L. venusta Stimpson, 1859 , L. websteri Benedict, 1903 , L. dexterae Abele and Efford, 1972 (Boyko, 2002) and L. californica Efford, 1971 (see Boyko, 2002 Faulkes, personal observations) are light colored and somewhat iridescent. We have been unable to find a description of the color of L. benedicti in the literature (Boyko, 2002; Schmitt, 1935) . Lepidopa benedicti might be the only species in the genus that is gray, at least occasionally.
Even more interesting than L. benedicti sometimes having a different color than other members of its genus is the color variation in the population. Color variations are often functionally important (Gray and McKinnon, 2007) , but the variations of L. benedicti are occurring in an environment that appears to rule out most of the obvious adaptive roles proposed for color polymorphisms. The uniformity of sandy beaches argues against habitat-specific selection pressures (Gray et al., 2008; Nilsson and Ripa, 2010) ; that sand crabs are concealed by digging into sand argues against color affecting frequency-dependent predation (Krause-Nehring et al., 2010) , color being used for any sort of visual signal (Hampton et al., 2009) , or color being used for camouflage. Indeed, digging and burrowing animals living in beaches often either lack pigment or are uniformly and lightly colored (Pearse et al., 1942) . That said, almost nothing is known about the basic biology of L. benedicti except for its morphology and range from taxonomic descriptions (Boyko, 2002; Efford, 1971) , and its early development (Stuck and Truesdale, 1986) . Much the same could be could be said of almost every species in Albuneidae.
We developed several hypotheses about the biological significance of the color variation in L. benedicti. We first tested whether the distribution of colors was continuous or multimodal, and whether color was related to basic individual traits such as sex and size. We also tested whether sand crabs' carapace color might be related to countershading: having darker colors on the light-exposed dorsal surface, and lighter colors on the shaded ventral surface (Kiltie, 1988; Rowland, 2008; Ruxton et al., 2004) . In theory, and at least sometimes in practice (Rowland et al., 2008) , countershading makes an animal more difficult to be seen. Although albuneids spend the vast majority of their time dug into sand, they can swim using their legs and pleon (Faulkes and Paul, 1997a) . Those rare moments when they are out of the sand (perhaps swept up by a wave) may be when they are particularly vulnerable to predation. If countershading were occurring, we would expect that L. benedicti should swim dorsal side up when in the water.
MATERIALS AND METHODS

Animals
We collected Lepidopa benedicti from the beaches at South Padre Island, Texas from June 2008 to August 2009. There are no records of any other species in Albuneidae occurring in this region (Boyko, 2002) . Individuals were collected by shoveling and overturning sand, and in some cases, running the sand through a coarse sieve. Seventy-four individuals were transported to the main campus of The University of Texas-Pan American and housed in a circulating benchtop aquaria system (Aquatic Habitats). Each crab was sexed by examining the swimmerets (females have substantially longer swimmerets than males), and had its carapace length measured using digital calipers. Not all individuals were used for all analyses because some were damaged during collection (hit by shovel) and only provided partial data.
Digital Image Analysis
Animals were photographed in the lab with a Canon PowerShot A560 or a Fujifilm FinePix A805 against a standard background (gray benchtop). Because there are often subtle shadings of colors visible in the carapace (particularly pinks and slightly opalescent hues), we did not convert the images to grayscale. Digital photographs were measured as 24 bit red, green, and blue (RGB) images using the program Corel Photo-Paint Version 8 (Corel Corporation). Intensity values for each color channel (red, green, and blue) ranged from 0 (dark) to 255 (light). For example, black has a value of 0 for red, green, and blue; pure red has a value of 255 for red and 0 for green and blue; white has values of 255 for all three colors.
Digital cameras often distort color signals. This distortion not only varies from camera to camera, the same camera can vary its image processing from picture to picture, particularly if there are slight fluctuations in ambient light (Stevens et al., 2007) . To calibrate the cameras, we photographed a Tiffen Q-13 Color Separation Guide and Gray Scale reference strip. One section of the strip shows a series of grayscale patches ranging from white to black in 10% intervals. We compared the camera output to the theoretical ideal (Fig. 2) . Both cameras tended to register red than green, and more green than blue; consumer cameras are often more sensitive to red, perhaps because this makes pictures appear ''warmer'' and more appealing (Stevens et al., 2007) . Both showed roughly linear relationships between the idealized reflectance of the object and the recorded intensity.
For each individual L. benedicti, the red, green, and blue values were taken at three points on the carapace (anterior medial; lateral and between the closest approach of carapace grooves 4 and 6 (Boyko, 2002) ; posterior medial) and one point on the benchtop that the crab was photographed. Because the benchtop did not vary in its color, it was used as a standard to correct for intensity distortions introduced by the camera and slight fluctuating ambient light conditions. The recorded intensity values for the benchtop were normalized to a standard value of 148 for red, green, and blue, based on comparison of the benchtop to the reference strip. This factor was then used applied to the average carapace intensity. Any resulting values greater than 255 were adjusted to 255.
Statistical analyses were performed using SPSS v. 12.
Behavioral Experiments
To analyze swimming behavior, 19 sand crabs were dropped tail first in a tank of saltwater and video recorded onto a computer. The video record was embedded with a time code that measured to 10 ms. If animals did not swim spontaneously, they were touched or squirted with water gently to encourage swimming. Three bouts of swimming were recorded from each individual. The amount of time that the crab swam while orienting themselves either dorsal side up versus dorsal side down was recorded.
RESULTS
Gray L. benedicti are significantly larger (General linear model, F 1,65 5 22.87, P 5 0.00) and more common than white ones (Fig. 3) . There is no difference in size of the sexes (General linear model, F 1,65 5 2.02, P 5 0.16), or interaction between sex, color, and size (General linear model, F 1,65 5 0.12, P 5 0.73). Raw, uncorrected carapace intensity values for red, green and blue all had a wide, bimodal distribution compared to the narrow, single peak of intensity values recorded for the benchtop (Fig. 4) . This indicates that the digital photographs provide reasonable information for coarse comparisons across animals, even without correcting for variation introduced by the cameras. As predicted based on the camera calibrations, red values tended to be higher than green, which were in turn higher than blue. Nevertheless, the red, green, and blue values for the carapace were all highly correlated (Pearson's correlation coefficient, r values . 0.91 for all three paired combinations of red, green, and blue).
The bimodal distribution of color intensities was still apparent after the data were normalized (Fig. 5) , showing a more pronounced discontinuity in the intensity values. Although red values tended to be higher than blue, which were in turn higher than green, all three colors were highly correlated (Pearson's correlation coefficient, r . 0.96 for all three comparisons).
Lepidopa benedicti swam upside down the vast majority of the time (mean 5 85.0%, standard deviation 5 16.2; n 5 19). Animals would swim backwards (Faulkes and Paul, 1997a) until they reached the surface, at which point they would often continue to swim at the surface in an orientation closer to vertical than horizontal. No individuals swam exclusively in one orientation; all spent some time right side up and upside down.
DISCUSSION
Individuals of Lepidopa benedicti range in color from gray to white, and the distribution of color is bimodal. The bimodal distribution indicates that color in this species is better described as a polymorphism rather than as simple variation, which implies a normal, bell-shaped distribution. The distribution does not consist of equal two equally large ''peaks,'' but gray L. benedicti are more common and larger than white ones. There are several possible explanations for this pattern.
First, being gray may be advantageous, although it is unclear what this advantage might be. That the sand crabs swim upside-down strongly suggests that countershading when swimming is not an advantage for gray crabs. Nevertheless, if being gray provides a direct fitness advantage, it may be reflected in heritable genetic differences between the gray and white L. benedicti. Evidence of heritability could be provided by rearing larvae from known females (Stuck and Truesdale, 1986) . DNA barcoding has been used to identify putative cryptic species (Burns et al., 2008; Gómez et al., 2006) , and this approach might be used with L. benedicti.
A second, more subtle possibility is that being gray may be neutral but associated with some other factor. For example, the carapace of male shore crabs, Carcinus maenas (Linnaeus, 1758) , ranges from green to red, and larger males tend to be red (Styrishave et al., 2004) . Being red is not more advantageous, but the colors are correlated with time spent in the intermolt state, which is in turn the result of different life history strategies, physiology, and ecology (Reid et al., 1997; Styrishave et al., 2004; Wolf, 1998) .
Finally, gray animals might be older than white animals. We cannot rule out the possibility of an ontogenetic change in color. That the size of gray and white animals overlaps substantially while color overlaps very little seems inconsistent with such a change, particularly when there does not seem to be any ecological, life history, and physiological shifts associated with ontogenetic color changes in other crustacean species, e.g., spiny lobsters such as Panulirus cygnus George, 1962 (George, 1958 Melville-Smith et al., 2003; Wade et al., 2008) . Furthermore, L. benedicti molting in the lab appear to stay the same color (Faulkes, personal observations) .
